Abstract Idiopathic pulmonary fibrosis (IPF) is the most common and most lethal diffuse fibrosing lung disease, with an increasing incidence and a mortality rate that exceeds that of many types of cancer. At present, there is no effective standard treatment recommended by guideline documents. As such, the unmet medical need is high. Recently, several high-quality clinical trials, evaluating safety and efficacy of different novel molecules, have been concluded. The results have mostly been disappointing, although some compounds have shown promising results. In particular, pirfenidone seems to be the most advanced molecule for IPF treatment, having been approved in Europe, Japan and India. Nintedanib, a triple kinase inhibitor, has almost completed enrolment of Phase III trials, based on promising Phase II results. Randomized controlled trials still represent a valid choice for IPF patients, and their completion is critically important to achieving the ultimate goal of curing IPF. Future approaches will probably include the evaluation of currently available agents alone and in combination, the identification of novel drugs with pleiotropic actions, and trials with validated, weighted composite endpoints.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a specific form of chronic, progressive fibrosing interstitial pneumonia of unknown cause, occurring primarily in older adults, limited to the lungs, and associated with the histopathologic and/or radiologic pattern of usual interstitial pneumonia (UIP) [1] . IPF follows a variable clinical course in which periods of relative stability are punctuated by episodes of accelerated decline, often resulting in respiratory failure and death; this identifies various IPF phenotypes, thus making the natural history of the disease largely unpredictable in the individual patient [2] . Nevertheless, IPF has been reported as the primary cause of death in 89 % of patients who died in a cohort of 168 IPF patients in the placebo group of a large randomized trial [3] . In the past, the hypothesis that IPF started as an inflammatory alveolitis led to the use of anti-inflammatory and immunosuppressive drugs; in line with this etiopathogenetic concept, previous IPF guidelines recommended corticosteroids in addition to cytotoxic agents (azathioprine or cyclophosphamide) as the standard treatment [4] , although this recommendation was supported by a very low level of evidence (i.e., low quality and limited number of studies). As of today, no standard treatment is recommended by the recent evidence-based guidelines [1] . However, several recent high-quality clinical trials, evaluating a number of novel therapies, have been completed. As such, it is conceivable that these recommendations might be partly updated in the near future. The results of these trials have mostly been disappointing, although some compounds have shown promising results. In particular, pirfenidone seems to be the most advanced molecule for IPF treatment, having been approved in Europe, Japan and India. In general, due to the complexity and the uncertainties intrinsic to IPF, it is essential that each therapeutic strategy be tailored to the individual patient, after discussing the potential benefits and pitfalls. Randomized controlled trials still represent a valid choice for IPF patients, and their completion is critically important to achieving the ultimate goal of curing IPF.
This review aims at describing the major trials performed so far, outlined in Table 1 , regardless of their experimental phase, the lesson learnt from them and the challenges in the implementation of these results in clinical practice and guidelines, with emphasis on the choice of appropriate endpoints.
Phase II trials
Tyrosine kinase inhibitors A recently completed Phase II clinical trial focused on the potential of inhibiting tyrosine kinase receptors, a therapeutic approach widely explored in oncology. Tyrosine kinases regulate a variety of physiological cell processes, including metabolism, growth, differentiation and apoptosis, and aberrant tyrosine kinase activity has been shown to promote the development and progression of both neoplastic and non-neoplastic diseases [5, 6] . Signaling pathways activated by tyrosine kinases have also been suggested to be involved in lung fibrosis [7] . This, in turn, has prompted clinical trials evaluating the efficacy of tyrosine kinase inhibitors in IPF.
Nintedanib
The TOMORROW (To Improve Pulmonary Fibrosis With BIBF 1120) study, a 12-month, randomized, double-blind, placebo-controlled trial, evaluated the safety and efficacy of nintedanib (BIBF 1120) [8] , an intracellular inhibitor of at least three tyrosine kinase receptors [platelet-derived growth factor (PDGF) receptors α and β, vascular endothelial growth factor (VEGF) receptors 1, 2, and 3, and fibroblast growth factor (FGF) receptors 1, 2, and 3] [9] . Four different oral doses of this drug (50 mg once a day, 50 mg, 100 mg, or 150 mg all twice a day) have been tested. The primary end point of the study was the annual rate of decline in forced vital capacity (FVC). Secondary endpoints included acute exacerbations, quality of life and total lung capacity. Nintedanib at a dose of 150 mg twice daily showed a trend toward a reduction in the decline in lung function, with fewer acute exacerbations and preserved quality of life, as compared with the placebo arm. Specifically, in the group receiving 150 mg of nintedanib twice a day, FVC declined by 0.06 liters per year, as compared with 0.19 liters per year in the placebo group, a 68.4 % relative reduction in the rate of loss. In addition, patients treated with the higher dose of this drug experienced a lower incidence of acute exacerbations and a small decrease in St. George's Respiratory Questionnaire (SGRQ) score (as compared with an increase with placebo, meaning a better or preserved quality of life in treated patients). Nintedanib showed an acceptable safety profile. In fact, while gastrointestinal side effects (diarrhea, nausea, and vomiting) and increases in levels of liver aminotransferases were more frequent in the group receiving 150 mg twice daily than in the placebo group, severe adverse events occurred with similar frequency in the placebo and in the four active treatment groups. These results warranted the investigation of this kinase inhibitor in two concomitant Phase III clinical studies, with results expected in late 2013.
Imatinib
Imatinib is a tyrosine kinase inhibitor with activity against several fibrogenic factors (including PDGFR-α and β), which has been investigated in IPF based on encouraging data from animal models of lung fibrosis. Imatinib has been shown to inhibit lung fibroblast-myofibroblast transformation and proliferation, as well as extracellular matrix production through inhibition of PDFG and TGF-β signaling [10] . In a Phase II, randomized, double blind, placebo-controlled study, 119 IPF patients enrolled in 13 centers in the United States and Mexico were randomly assigned to receive imatinib (600 mg orally once daily) or placebo for 96 weeks [11] . Patients were eligible if they had had clinical worsening within the past year as demonstrated by any one of the following: ≥10 % decrease in FVC % predicted, worsening chest X-ray, or worsening dyspnea at rest or on exertion. This trial specifically aimed to study patients with "mild or moderate" IPF. The primary outcome was a combined measure of disease progression defined as a ≥10 % decline FVC from baseline or death. Secondary endpoints included change from baseline in diffusing capacity of the lung for carbon monoxide (DLCO) % predicted, change from baseline in the resting arterial blood gas assessment of A-a gradient, change in the number of meters walked in a 6-min walk distance (6MWD), change from baseline in the SGRQ assessments and overall mortality, all evaluated after 96 weeks. No differences in the predefined primary or secondary end points were observed between the imatinib and the placebo groups. Serious adverse events occurred at similar rates in the two study groups. Based on these results, it seems unlikely that imatinib will be further explored in the treatment of IPF.
TNF-alpha receptor inhibitors
Elevated levels of tumor necrosis factor (TNF)-alpha, a cytokine with inflammatory and fibrogenic properties, have been detected in the lungs of animals in experimental models of pulmonary fibrosis [12] , and in patients with IPF [13] . A fibrosing alveolitis develops in transgenic mice expressing high TNF-alpha levels in their lungs [14] , and adenoviral transfer of TNF-alpha complementary DNA to lungs of normal adult rats results in the increased transforming growth factor (TGF)-beta expression, followed by the development of fibrosis [15] . Furthermore, in animal models of pulmonary fibrosis, TNF-alpha antagonists inhibit pulmonary inflammation and fibrosis [16] , suggesting that such agents could potentially diminish the fibrotic response in the lungs of patients with IPF.
Etanercept
In a 48-week, randomized, double blind, placebo-controlled, multicenter, Phase II trial, Raghu and coworkers evaluated safety and efficacy of subcutaneous (25 mg twice weekly) etanercept, a soluble TNF-alpha receptor antagonist that is used to treat rheumatoid arthritis, in subjects with IPF [17] . No significant differences in primary endpoints (changes in FVC % predicted, DLCO % predicted, and oxygenation at rest) were observed between the groups. However, a trend towards a benefit in the etanercept group was observed with regard to several physiologic, functional, and quality-of-life endpoints among subjects receiving the drug. There was no difference in adverse events between treatment groups, demonstrating the drug is safe. Because this study included a relatively small (n0 88) number of patients, the authors suggested that this could account for the lack of statistically significant differences between treatment groups in the primary endpoints. In fact, based on the observed means and pooled standard deviation, a 3.5-fold greater sample size would have been required for the between-group differences observed in this study to be statistically significant. Of note, during the 48 weeks of the trial, almost 25 % of patients withdrew from the study, similar to the dropout rates seen in other trials [18, 19] , which represents an intrinsic potential issue inherent to long-term trials in IPF.
Phase III trials
N-acetylcysteine
In the IFIGENIA (Idiopathic Pulmonary Fibrosis International Group Exploring N-Acetylcysteine I) trial [18] , Demedts and coworkers showed that the addition of N-acetylcysteine (NAC) to what was considered to be the standard therapy, i.e. prednisone and azathioprine combined, significantly slowed the rate of deterioration of the primary endpoints of the study, i.e. vital capacity (VC) and DLCO, as compared to prednisone and azathioprine alone. A relative difference of 24 % was observed for DLCO and of 9 % for VC. The results of this trial deserve attention for a number of reasons. Firstly, the lack of a true placebo arm, although patients treated with prednisone and azathioprine in the IFIGENIA trial experienced a decline in FVC similar to the one observed in the placebo group of other large trials [19] [20] [21] . This comparison would suggest that prednisone combined with azathioprine is no better than placebo in preserving lung function in patients with IPF. Secondly, the reduction in the decline of VC and DLCO in the NAC arm did not translate into a survival benefit (although with the limitations intrinsic to the study design of a 1-year trial). Thirdly, the drop-out rate (about 30 %) was much higher than in previous IPF trials: as a direct consequence, the statistics utilized, the least squares last observation carried forward (LS-LOCF), was one preserving the sample size from the high drop-out rate, but with the risk of making unwarranted assumptions about the missing data, resulting in either underestimating or overestimating the treatment effects.
To further investigate the possible efficacy of NAC in patients with IPF, the National Heart, Lung and Blood Institute sponsored a three-arm placebo-controlled trial designed and carried out by the IPFnet consortium, the PANTHER-IPF (Prednisone, Azathioprine, and N-acetylcysteine: A Study That Evaluates Response in IPF) study, in which patients with mild to moderate lung function impairment were randomized in a 1:1:1 ratio to prednisone, azathioprine and NAC (combination therapy), NAC alone or placebo. Primary outcome was the change in longitudinal FVC measurements over a 60-week period. Secondary outcomes included mortality, time to death, frequency of idiopathic acute exacerbations, and time to disease progression as defined by composite endpoint of death or relative drop in FVC ≥10 %. A pre-specified efficacy and safety interim analysis, planned at approximately 50 % of data collection, unexpectedly showed that the combination therapy, as compared to placebo, was associated with a statistically significant increase in all cause mortality (11 % vs. 1 %), allcause hospitalizations (29 % vs. 8 %), and treatment-related severe adverse events (31 % vs. 9 %). These observations, coupled with no evidence of physiological or clinical benefit for combination therapy, prompted the independent data and safety monitoring board to recommend termination of the combination therapy group at a mean follow-up of 32 weeks [22] . The NAC and the placebo arms of this trial recently completed enrollment and the final results of the PANTHER study are expected in late 2013. These data will allow answering the fundamental question of whether NAC slow the rate of progression in IPF, but the published interim analysis of this trial already contributed the crucial information that a combination of corticosteroid and immunosuppressor does not provide benefit in this disease. Considering that this regimen has been the recommended standard of care for IPF for more than a decade, these findings should be regarded as groundbreaking and underline the relevance of basing clinical practice on the evidence from properly designed randomized clinical trials.
Interferon-gamma
In 1999, in a small open-label trial, Ziesche and coworkers showed that interferon (IFN)-gamma 1 beta (an endogenous cytokine with anti-fibrotic and immunomodulatory effect) significantly improved different clinical markers as compared to placebo [23] . This study formed the basis for a large, multicenter, randomized, placebo-controlled trial in which 330 IPF patients (who had failed to respond to a course of corticosteroids) were randomized to subcutaneous IFNgamma or placebo [21] . While no significant differences were observed in the primary outcome of progression-free survival or the secondary outcomes of pulmonary function or quality of life, there was a statistical trend toward lower mortality in the treated group. Moreover, in a post-hoc analysis of subjects with a baseline FVC greater than 55 % predicted, there were significantly fewer deaths seen in the IFN-gamma arm (4.8 % vs. 16.4 % in the placebo group); a similar finding was observed for the group with a baseline DLCO greater than 30 % predicted (3.4 % vs. 13.2 % of placebo). However, a subsequent large randomized-controlled trial of over 800 patients with mild to moderate IPF (the INSPIRE trial, INternational study of Survival outcomes in idiopathic Pulmonary fibrosis with InteRfEron gamma-1b) was stopped after the statistical analysis of data in a predefined interim analysis excluded the possibility that IFN-gamma treatment might result in a significant reduction of the risk of death [24] . On the other hand, IFN-gamma therapy was associated with severe side effects, and it has been suggested that it may in fact worsen the disease course in patients with lower FVC values, and possibly in those with a familial form of the disease [25, 26] . This latter study performed remains the only large clinical trial so far exploring the effect of a treatment on overall survival as primary outcome, rather than on surrogate markers (i.e. lung function), and it has been very informative on the natural history of the disease, if one looks at the data from the placebo arm. Nonetheless, both IFN-gamma trials disappointingly provided negative findings. However, the IFN-gamma epithelial lining fluid (ELF) levels after subcutaneous administration of the drug are unknown. In fact, in a previous study [27] , subcutaneous administration of maximally tolerated amounts of recombinant IFN-gamma (250 micrograms) was followed by detectable levels of IFN-gamma in serum, but not in the ELF [27] . Following inhalation, IFNgamma is not detectable in serum, but it is detectable in respiratory ELF in a dose-dependent fashion, thus suggesting that the administration route could impact efficacy of the drug in the lung. Furthermore, at least in a small study, a beneficial effect of IFN-gamma was observed on individual patients [28] . Although these findings may suggest that in few selected patients IFN-gamma might actually slow disease course, this treatment is strongly discouraged in patients with IPF.
Endothelin-receptor antagonists

Bosentan
In 2008, King and coworkers [19] published the BUILD-1 (Bosentan Use in Interstitial Lung Disease) trial, which enrolled 148 patients randomized to receive bosentan, an endothelin ET A and ET B receptor antagonist approved for the treatment of pulmonary arterial hypertension [29] , or placebo. The primary endpoint was change from baseline up to 12 months in 6MWD. Twenty-two of 74 patients in the bosentan group and 23 of 84 in the placebo group discontinued treatment. There was no effect of bosentan on the primary endpoint of 6MWD, and there was no impact on the rate of decline of FVC. However, a trend in favor of bosentan was observed in the secondary endpoint of time to death or disease progression. Interestingly, when the subset of patients that had undergone a diagnostic surgical lung biopsy was analyzed separately in a post hoc analysis, there was a difference in favor of bosentan in preventing disease progression. Changes from baseline in assessments of dyspnea and quality of life also favored bosentan in this subgroup. Based on this non-predefined subset analysis (i.e., IPF patients with a surgical lung biopsy), the BUILD-3 trial was designed, but it also failed meeting the primary endpoint, which was time to IPF worsening or all-cause death up to end of study. Taken together, these data support neither the use of bosentan in treatment of IPF regardless of the presence of pulmonary hypertension (possibly this drug is unlikely to impact on both fibrogenesis and pulmonary hypertension secondary to pulmonary fibrosis), nor further studies evaluating this compound in this specific disease.
Ambrisentan
Ambrisentan is a selective antagonist of the ET A receptor, approved for the treatment of pulmonary arterial hypertension [30] . ET A receptor also exerts pro-fibrotic activities through the stimulation of transforming growth factor-β and promoting epithelial-to-mesenchymal transition [21] . Importantly, evidence from preclinical models showed that the phenotypic and transcriptional responses to ambrisentan are different from bosentan, thus suggesting that clinical effects in IPF may also be different [22] . The ARTEMIS-IPF (Randomized, Placebo-Controlled Study to Evaluate Safety and Effectiveness of Ambrisentan in IPF) trial was a randomized, double-blinded, placebo-controlled, multinational trial evaluating effectiveness of ambrisentan in reducing the rate of progression of IPF. The results of this study have not been published in full in a peer-reviewed journal; however, the trial has been prematurely stopped following an interim analysis of unblinded efficacy and safety by the Study Data Monitoring Committee indicating a very low likelihood of efficacy for the primary endpoint of disease progression and a likely increase in disease progression for patients in the active arm (http://www.gilead.com/ pr_1510358, December 22, 2010).
Sildenafil
In a double blind, randomized, placebo-controlled trial, the phosphodiesterase-5 inhibitor sildenafil was studied during two periods in patients with IPF [31] . The first period consisted of 12 weeks of a double-blind comparison between sildenafil and placebo. The primary outcome was the proportion of patients with an increase in the 6MWD of 20 % or more. Key secondary outcomes included changes in oxygenation, degree of dyspnea, and quality of life. The second period was a 12-week open-label evaluation involving all patients receiving sildenafil. A total of 180 patients were enrolled. The study did not meet the primary outcome, with nine of 89 patients (10 %) in the sildenafil group and six of 91 (7 %) in the placebo group having an improvement of 20 % or more in the 6MWD (i.e. the pre-defined primary outcome). However, there were small but significant differences in arterial oxygenation, carbon monoxide diffusion capacity, degree of dyspnea, and quality of life favoring sildenafil. Serious adverse events were similar in the two study groups. The presence of some positive secondary outcomes certainly creates clinical equipoise for further research on this molecule in IPF.
Pirfenidone
Four placebo-controlled randomized trials [20, 32, 33] explored the effect of pirfenidone on the decline of pulmonary function, as measured by means of decrease in FVC or VC, although this outcome was a secondary endpoint in one study [32] ; three of them [20, 33] also assessed the effect on progression-free survival. The combination of the estimates of these three studies showed that pirfenidone reduced the risk of disease progression by 30 % [34] . Exploring the two studies performed on Caucasian patients [20] , an efficacy dose-response relation was observed in one study. In the other one, no significant differences were noted between the pirfenidone and placebo groups on the primary outcome, i.e. the percentage predicted FVC change at week 72. Analyses of pooled data for the two studies supported a pirfenidone treatment effect on percentage predicted FVC, progression-free survival, and 6MWT distance [20] . The discrepancy in the results of these two trials seems virtually impossible to be convincingly explained. Despite identical inclusion criteria for both trials, the authors hypothesized that these controversial results could be accounted for by intrinsic IPF heterogeneity in terms of disease course and outcome. However, the recent approval in Europe of pirfenidone for mild to moderate IPF corroborates the potential for a role of this drug in IPF treatment. On the other hand, the US Food and Drug Administration has declined approval of pirfenidone for treatment of IPF and asked for additional evidence of efficacy. As such, another Phase III randomized, double-blinded, placebo-controlled, trial (Assessment of Pirfenidone to Confirm Efficacy and Safety in IPF: the ASCEND trial) is currently enrolling patients in the US. Current evidence-based IPF guidelines, considering the cost of therapy and the potentially relevant side effects expressed a weak recommendation against the use of this drug. However, it has to be noted that the majority of panel experts abstained in this specific voting [1] .
Anticoagulants
Inflammation and vascular injury have been proposed to contribute to a pro-thrombotic state in IPF [35] . Based on this pathogenic hypothesis, 56 Japanese patients with IPF were randomly assigned to prednisolone alone or prednisolone plus anticoagulation (unfractionated or low-molecular-weight heparin during follow-up when re-hospitalized, and warfarin during outpatient treatment) in an unblinded study [36] . While the incidence of acute exacerbations did not differ between the groups, the mortality associated with acute exacerbation was significantly reduced in the anticoagulant group compared to that in the non-anticoagulant group (18 % vs. 71 %, respectively; p00.008). In turn, this translated in a significant improvement in survival at 3 years (63 % in the anticoagulant group compared with 35 % in the non-anticoagulant group). Several methodological issues raise concerns regarding this study: absence of blinding; incidence of acute exacerbation higher than usually observed (64 % in the placebo group); patient recruitment on initial hospitalization, thus there may have been a selection bias toward more advanced and rapidly progressive disease; substantial withdrawals of patients in the anticoagulant group after randomization but before initiating treatment, therefore, it cannot be excluded that patients who withdrew were more ill and would have had higher mortality; failure to exclude pulmonary embolism as a potential cause of acute deterioration. As such, treatment with anticoagulants has not been recommended for routine use in patients with IPF (weak recommendation, very low-quality evidence) [1] . Recently, the Anticoagulant Effectiveness in Idiopathic Pulmonary Fibrosis (ACE-IPF) trial, designed and completed by the IPFnet in the US, tested the hypothesis that warfarin would reduce rates of mortality, hospitalization, and decline in FVC [37] . In this double blind, placebo-controlled trial patients were randomly assigned in a 1:1 ratio to warfarin or matching placebo for a planned treatment period of 48 weeks. Due to a low probability of benefit and an increase in mortality observed in the subjects randomized to warfarin (14 warfarin vs. 3 placebo deaths; p00.005), the independent Data and Safety Monitoring Board recommended stopping the study after 145 of the planned 256 subjects were enrolled (72 warfarin, 73 placebo). Similar trends in the warfarin arm were observed in all-cause hospitalization, respiratory-related hospitalization, and acute exacerbation of IPF. In partial accordance with the current guideline recommendations, the results of this study strongly argue against the routine use of warfarin for the treatment of IPF. As such, recommendations on this drug are very likely to change in the near future.
Conclusion: where we are going
The past decade has witnessed an impressive escalation in the number and the quality of clinical trials undertaken and completed in IPF. The outcome of most of these trials has been disappointing overall, with only a few exceptions. Despite this fact, valuable insights about the pathogenesis, the natural history and the clinical course of this deadly disease have been gained from the wellcharacterized cohorts of patients enrolled into these trials. As mentioned above, the recommendations of the current evidence-based guidelines reflect the concept that pharmacological treatment does not appear to impact on natural history of IPF. There are various possible explanations for this fact. Firstly, IPF heterogeneity, which implies pooling of patients with various degree of progression, may have played a major role, particularly before the recent evidence-based diagnostic criteria were established. It is conceivable that the efficacy of any given therapy might similarly be variable, based on the unique phenotypic characteristics and the stage of the disease. Indeed, the heterogeneous nature of IPF and probable varied response to different therapies might partially explain the negative results and mixed signals seen from many of the clinical trials performed thus far. Secondly, the still largely incomplete knowledge of the mechanisms of IPF prevents from choosing diseasespecific treatments. Based on current pathogenetic concepts, the ideal agent to treat IPF should target a redundancy of molecular mechanisms. In this regard, the therapeutic approaches that have demonstrated some evidence of efficacy are multi-mechanistic in their action. Thirdly, the choice of primary endpoints and study design did reveal as a major challenge. Retrospective analyses of large placebo-controlled trials and clinical cohorts indicate that a decline of ≥10 % in FVC over 6 to 12 months does predict subsequent mortality [38] [39] [40] . However, there is an ongoing scientific debate on whether FVC is a valid surrogate for mortality in IPF [41, 42] , with the final answer probably coming from adequately powered future trials. Optimal study duration is unknown, with most studies exploring the effects of treatments over an arbitrary 12 months period. In addition, all the studies whose rationale derived from data obtained from nonprespecified post-hoc analysis have failed to meet their respective endpoints, highlighting the intrinsic risks of designing trials based on post hoc statistical analyses in such a heterogeneous disease. Finally, future approaches should include the evaluation of currently available agents alone and in combination, the identification of novel drugs with pleiotropic actions, and trials with validated, weighted composite endpoints. Further genomic signature differentiation and validation may, in the future, enable study enrichment with IPF patients at highest risk of progression and mortality, thus allowing the design of more cost-effective trials.
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